The presence of adenosine triphosphate, guanosine triphosphate, cytosine triphosphate, or uridine triphosphate reduced the rate of inactivation of vaccinia when heated at 50 C. The virus-associated nucleoside triphosphate phosphohydrolases (adenosine triphosphatase, guanosine triphosphatase, cytosine triphosphatase, and uridine triphosphatase) and ribonucleic acid polymerase were also protected from heat inactivation by these compounds. These obervations are best explained by postulating that ribonucleoside triphosphates bind to enzymes in the virus particle, and that these enzyme-substrate complexes are more resistant to thermal denaturation than are the enzymes without their substrates. The Ribonucleoside triphosphates have been shown to be the substrates of two enzymes that are present in the virus particle, ribonucleic acid (RNA) polymerase (7, 10), and nucleotide phosphohydrolase (11). The protection of the activity of enzymes from heat inactivation by the presence of their substrates has been described for several highly purified enzyme preparations (1). The formation of an enzyme-substrate complex stabilizes enzymes against thermal denaturation. In this paper data are presented that indicate that all of the known vaccinia-associated enzyme activities are protected from heat inactivation by nucleoside triphosphates. We suggest that the protection of vaccinia infectivity from heat inactivation by nucleotides is due to the formation of enzyme-substrate complexes within the virus particle.
glycerol and increased by 1 .0 M MgCl2. The mechanism of protection against heat by NaCl and glycerol is probably due to a dehydration of the virus particles. In this communication we report that the rate of thermal inactivation of vaccinia is reduced by the presence of ribonucleoside triphosphates.
Ribonucleoside triphosphates have been shown to be the substrates of two enzymes that are present in the virus particle, ribonucleic acid (RNA) polymerase (7, 10) , and nucleotide phosphohydrolase (11) . The protection of the activity of enzymes from heat inactivation by the presence of their substrates has been described for several highly purified enzyme preparations (1) . The formation of an enzyme-substrate complex stabilizes enzymes against thermal denaturation. In this paper data are presented that indicate that all of the known vaccinia-associated enzyme activities are protected from heat inactivation by nucleoside triphosphates. We suggest that the protection of vaccinia infectivity from heat inactivation by nucleotides is due to the formation of enzyme-substrate complexes within the virus particle.
MATERIALS AND METHODS Cells and virus growth. L929 cells were grown in Spinner cultures in Eagle's Spinner medium (2) containing 5% calf serum. Cell cultures that had grown to approximately 6 X 105 cells/ml were sedimented at low speed and resuspended at 8 X 107 cells/ml in Puck's Saline "A" solution supplemented with MgCl2 to a final molarity of 0.02 M and 1% calf serum. The cells were then infected with vaccinia strain IHD at a multiplicity of 10 plaque-forming units (PFU)/cell, and the virus was allowed to absorb in a roller drum at room temperature. The cells were sedimented at slow speed and resuspended in Spinner culture medium at 8 X 105 cells per ml. The infected cells were incubated in a Spinner culture flask for 28 to 32 hr at 33 to 34 C.
Virus purification. The infected cells were sedimented at 500 X g for 15 min and drained as completely as possible of excess fluid. The pellet was then resuspended at a concentration of 107 cells/ml in water containing 0.5% Tween 80 (Tween-water). The preparation was then shaken vigorously in a tightly closed bottle by hand to rupture cytoplasmic membranes. Cell rupture was monitored by observing the cells with a phase contrast microscope. After 60 to 90% of the cytoplasmic membranes were broken, the preparation was centrifuged at 1,000 X g for 15 min, and the supernatant fraction was decanted and saved. Sucrose was added to the supernatant fraction to a concentration of 20% (w/v) and dissolved, and the preparation was sonically treated in a Branson Sonifier for a total of 40 sec at a power setting of 6. The sonic treatment was done in ice and was divided into four 10-sec intervals with a 30-sec pause between each interval of sonic treatment. In that case, the above data would underestimate the amount of cell protein contamination. Plaque titrations. Sonically treated preparations of vaccinia were diluted in Puck's "A" salt solution containing 0.1% calf serum. A 0.2-ml amount of these dilutions was inoculated on monolayers of L cells growing in 6-cm diameter plastic dishes and allowed to adsorb for 1 hr at 36 C. A 5-ml amount of Eagle's monolayer medium, with 5% calf serum and 80,g of Difco trypsin (1:250) per ml (4), was added to each of the petri dishes and incubated for 48 hr. After 48 hr the medium was aspirated, and 2 ml of methanol was added for fixation. The cell layer was stained with crystal violet. The number of plaques in the system was found to be proportional to virus concentration. The plaque size by this procedure is more uniform than when plaquing is carried out under an agar overlay. Secondary plaques which occur in this system can be distinguished from primary plaques by their smaller size and close proximity to primary plaques. Care was taken not to move the petri dishes during plaque development.
Thermal inactivation of vaccinia. Vaccinia was heated in 0.1 M Tris buffer (pH 8.4) and other solutes as indicated in the figures and tables. Virus was heated at 50 C in stoppered 1-ml serum vials (Neutraglas; Kimble Glass Div., Owens-Illinois Glass Co., Toledo, Ohio) that had been coated with a silicone layer which prevented the adhesion of virus to the glass. Heating was begun at ambient temperature. At the end of the heating period, the vials were rapidly cooled in ice water.
All heat treatments were carried out in duplicates which were separately titrated for infectivity or assayed for enzyme activity. Agreement between duplicate infectivity determinations was very good except when 4 or more logs of virus were inactivated by heating. When virus was heated in open tubes, the replicates varied widely.
Concentrations of divalent cations were determined by use of a Perkin Elmer atomic absorption spectrophotometer, and nucleotide concentrations were determined by use of a Cary model 15 spectrophotometer.
Enzyme determinations. The RNA polymerase assay was carried out as described previously (10) . The contents of the reaction mixture (in micromoles in a final volume of 0.5 ml) were: hydroxymethylaminomethane (Tris), 50; KCI, 18.7; MgCl2, 2.5; mercaptoethanol, 3.5; uridine triphosphate (UTP) and guanosine triphosphate (GTP), at 0.3 each; adenosine triphosphate (ATP), 0.9; 3H-cytosine triphosphate (CTP), 0.1 (specific activity of approximately 3 ,uc/pmole, and 13 to 65 ,ug of vaccinia protein.
The nucleotide phosphohydrolase determinations were carried out as previously described (11) . The contents (in micromoles) in a final volume of 0.1 ml were as follows: Tris, 10; MgCl2, 0.15; 14C-ATP, 0.1 (specific activity of 0.4 jac/pAmole). The di-and triphosphates of the reaction were then separated by chromatography and counted as previously described (11) . 14C-GTP, 14C-UTP and 3H-CTP were used at the same concentration and comparable specific (Table 1) .
ATP had no significant effect on virus incubated at 0 C. Virus incubated at 36.5 C for 2 days was reduced in infectivity owing to thermal inactivation. Virus incubated in the presence of ATP showed less inactivation than did virus incubated in the presence of NaCl. This effect was more pronounced when virus was heated at 50 C for 3 hr. In this case, virus heated in ATP showed a 36% survival, whereas virus heated in NaCl showed 0.083% survival. From these data, we Figure 1 shows the effect of ATP, GTP, CTP, and UTP on the kinetics of vaccinia inactivation at 50 C. All of these preparations reduced the rate of heat inactivation of vaccinia infectivity. A lag period of about 20 min was observed before a reduction of viral infectivity was detected. This may be due to the fact that part of the plaque-forming ability of vaccinia preparations is due to clumps of virus particles (3, 12) and does not show single-hit kinetics of inactivation.
The actual substrate of the ATP phosphohydrolase reaction of the mitochondrion is believed to be a complex between ATP and a divalent cation (13) . Previously we have shown that only about 1% of the optimal activity of the vaccinia ATP phosphohydrolase is observed in the absence of MgCl2 and that CaCl2 substitutes very poorly for MgC12 in this system (11). The vaccinia ATP phosphohydrolase reacts with ATP but will not hydrolyze phosphate from ADP or AMP (11) . Consequently, it was not expected that ADP or AMP would protect vaccinia infectivity from heat inactivation. ATP was more than 10 times as effective as ADP in infectivity protection, and AMP and adenosine were not at all effective in this respect (Table 3) . These data are in agreement with the hypothesis that the stabilization of vaccinia against heat by nucleoside triphosphates is due to the formation of enzyme-substrate complexes by the vacciniaassociated enzyme(s). The small but significant amount of protection produced by ADP was probably due to the binding of ADP to the enzymatic site. This would be expected, since it is a product of the phosphohydrolase reaction. The apparently increased viral infectivity inactivation by adenosine is statistically not significant. As mentioned previously, plaque counts on replicate plates varied widely when 4 or more logs of virus were heat inactivated. Table 4 shows the effect of ATP on vacciniaassociated enzyme activities. The nucleotides present during heat inactivation were removed before enzyme activities were determined (Tables  4 and 5 ; Fig. 2 ). This was done by alternate sedimentation and resuspension of the virus as described in the legend of Fig. 2 . The presence of ATP reduced the amount of inactivation of RNA polymerase, ATP, and CTP phosphohydyrolase activities.
The virus-associated GTP and UTP phosphohydrolases are also protected by nucleoside triphosphates ( Table 5 ).
The data presented so far indicate that vaccinia infectivity and the enzymes of the vaccinia virus particle are protected from heat inactivation by the presence of nucleoside triphosphates. The degree of infectivity protection depended on the concentration of ATP and MgC12. ADP only slightly protected infectivity from heat inactivation, and AMP had no detectable effect. These data are compatible with the hypothesis that the protection of vaccinia infectivity by nucleoside triphosphates, from heat inactivation, is due to the stabilization of virus-associated enzymes which form enzyme-substrate complexes with nucleoside triphosphates. This hypothesis assumes that the heat inactivation of at least one of the two known enzymes of the vaccinia particle can be responsible for the inactivation of viral infectivity. The effect of nucleoside triphosphates on the kinetics of vaccinia infectivity inactivation was presented in Fig. 1 . The effect of ATP on the kinetics of inactivation of infectivity, RNA polymerase, and ATP phosphohydrolase is shown in Fig. 2 . In this experiment, samples of virus were heated at 50 C either in the presence or absence of ATP. After heating, all of the samples were centrifuged at 27,000 x g, and the pellets were resuspended in 0.001 M Tris (pH 8.0), recentrifuged, and again suspended in 0.001 M Tris. This washing procedure was necessary to remove ATP so that the ATP phosphohydrolase activity could be measured. An increase in viral infectivity was noted after 10 min of heating in the ATP-containing vials. This has been observed both in samples containing ATP and in controls without ATP and thus is not due to the presence of ATP. The kinetics of RNA polymerase inactivation are similar to viral infectivity inactivation in that there is an initial small activation of enzyme activity, followed by a period of approximately expznential loss of infectivity. The kinetics of ATP phosphohydrolase loss is markedly different in pattern compared to viral infectivity and RNA polymerase activity. The ATP phosphohydrolase activity drops rapidly during the first 10 to 20 min of heating, after which the rate of inactivation decreases.
The marked biphasic kinetics of inactivation of the ATP phosphohydrolase activity suggests that there may be two such enzymes, each with different thermolabilities, in the vaccinia particle. In the absence of ATP, from 60 to 80% of the total ATP phosphohydrolase activity is of the thermolabile type. In other experiments, we observed that the kinetics of CTP phosphohydrolase is also biphasic, but the heat-resistant fraction has a more rapid rate of inactivation than does the corresponding ATP phosphohydrolase activity.
Vaccinia particles catalyze the removal of the terminal phosphates from ATP, GTP, CTP, and UTP (11), but it is not known whether a single enzymatic site can react with all four nucleoside triphosphate substrates or whether separate sites exist for each of the different substrates. The ability of the nucleoside triphosphates to protect the virus phosphohydrolases from heat inactivation by binding to the catalytic site of the protein offers a means of determining whether a single enzyme site is able to bind one or more of the nucleotide substrates. For example, if ATP were able to protect the CTP phosphohydrolase activity, this would suggest that ATP is able to bind to the enzymatic site that catalizes CrP phosphohydrolysis. Virus was heated in ATP, GTP, CTP, or UTP and then tested for the four respective phosphohydrolase activities (Table 5 ). These results show that each of the four nucleotides tested protected all four of the phosphohydrolase activities measured. Within an experiment, the ability of a single nucleotide to protect each of the four phosphohydrolase activities is approximately the same except that ATP seemed less able to protect the ATP phosphohydrolase activity than it did the activity of GTP, CTP, or UTP phosphohydrolases. The protection of RNA polymerase was also determined in these experiments. All nucleoside triphosphates protected this enzyme from heat inactivation (Table 5) .
DISCUSSION
The protection of purified enzymes from heat inactivation by their substrates is almost certainly due to the formation of enzyme-substrate complexes which are more stable to heat denaturation than is the enzyme alone (1).
We propose that the protection of vaccinia infectivity by nucleoside triphosphates, from heat inactivation, is due to the formation of enzyme-substrate complexes within the virus particle. The following observations support this hypothesis. (i) MgCl2 and ATP concentrations affect the amount of protection of infectivity observed, (ii) ADP and AMP are either much less effective than ATP or completely ineffective in protecting viral infectivity from heat inactivation, and (iii) the enzyme activities themselves are protected by the presence of their substrates. It is possible that the presence of unknown enzyme activities in virus particles may be inferred from the protection of viral infectivity against heat inactivation by the presence of compounds which would act as substrates.
The same data that show that vaccinia infectivity is protected from heat inactivation also show that vaccinia incubated in conditions under which ATP phosphohydrolysis is known to occur does not inactivate virus infectivity. These data suggest that the vaccinia phosphohydrolase enzyme is able to be active without inactivating the virus particle. There is another hypothesis that would account for these observations. It is possible that only incomplete or otherwise defective virus particles show adenosine triphosphatase activity in vitro. Evidence suggesting that this may be the case has been published by Gold and Dales (5) . These authors noted that only incomplete virus particles showed evidence of ATP hydrolysis detected by lead phosphate precipitates seen in thin sections by electron microscopy. We have made a similar observation using the same procedure (Chai, unpublished data). The increase in ATP phosphohydrolase activity which is observed by treating vaccinia with mercaptoethanol (11) or a detergent NP-40 (5) could then be explained by assuming that these treatments disrupted the virus so that the enzyme could be catalytically active. However, to make this explanation compatible with the protection of infectivity by nucleoside triphosphates, it is necessary to postulate that, although the enzymes of the infectious particles cannot catalyze the phosphohydrolysis of or the polymerization of nucleotides, they are still able to bind their substrates. An explanation of this type must apply to the RNA polymerase since, in the absence of free sulfhydryl groups, no RNA polymerase activity is demonstrable in vaccinia virus (10) , yet the presence of nucleoside triphosphates protected the enzyme from thermal inactivation. At present we are carrying out experiments to determine whether the treatment of vaccinia with mercaptoethanol or detergents increases the percentage of virus particles which show ATP phosphohydrolase activity.
The finding that the ATP phosphohydrolase activity of vaccinia is heat inactivated by a biphasic kinetics suggested that there may be more than one protein with this activity in the vaccinia virion. Solubilization of the vaccinia ATP phosphohydrolase activity showed this to be the case, and these data will be the subject of a separate communication. The mutual protection of adenosine triphosphatase, guanosine triphosphatase, cytosine triphosphatase, and uridine triphosphatase by ATP, GTP, CTP, and UTP suggests that there is a single enzymatic site that can react with all of these substrates. This does not exclude the possibility that there is a separate enzyme with a narrower substrate specificity, i.e., a second phosphohydrolase that would react with only one nucleotide.
